Plant self-incompatibility (SI) is a genetic system that prevents selfing and enforces outcrossing.
Introduction
Highly polymorphic loci across the genome play pivotal roles in important biological features (Prugnolle et al. 2005 ). Yet, these loci are rarely characterized comprehensively because of the technical challenges of obtaining comprehensive allelic series and accurately typing their many divergent alleles. One extreme example of this class of loci is the classical self-incompatibility (SI) system in the flowering plants, which is a common genetic mechanism to prevent self-fertilization in hermaphrodite species thanks to recognition and rejection of self-pollen by the pistils (Takayama and Isogai 2005) . The genes controlling SI share some evolutionary properties with self-recognition systems in animals, such as the major histocompatibility complex (Edwards and Hedrick 1998) . In many self-incompatible species, SI is controlled by a single genetic locus, the multiallelic SI locus (S-locus) that can be considered the most variable locus in plant genomes due to its extremely high allelic diversity (typically of the order of 10-35 alleles in intra-population samples) together with extreme sequence divergence among alleles of its pollen and pistil functional components, leading to high degrees of trans-specific and even trans-generic polymorphisms (Castric and Vekemans 2004) .
Such high allelic and sequence diversity is due to the effect of strong negative frequency-dependent selection acting on the S-locus (Wright 1939; Vekemans and Slatkin 1994) . Because of such diversity, genotyping the S-locus in natural populations has been a challenge since the discovery of the pistil Slocus gene in Solanaceae (McClure et al. 1989 ) and in Brassicaceae (Stein et al. 1991) . Although initial exploration of allelic diversity in S-locus genes involved cloning and sequencing approaches (Schierup et al. 2001) , other approaches were attempted to perform systematic surveys in natural populations or in germplasm collections of domesticated species. Such approaches typically involved PCR or RT-PCR amplification using sets of general degenerate primers designed in conserved regions of the genes (Richman et al. 1995; Nishio et al. 1996; Ishimizu et al. 1999; Charlesworth 2000) followed by separation of alleles using restriction enzyme profiling (Nishio et al. 1996; Ishimizu et al. 1999; Charlesworth 2000) , intron length variation (Sonneveld et al. 2006) , or SSCP (Joly and Schoen 2011). One of the main problems with these approaches are that different sets of primers need to be used in order to cover the range of S-haplotype sequence divergence occurring in selfincompatible species. In addition, they often lead to incomplete genotype information because of missing (highly diverged) alleles. Alternative methods have been used in a few model species, involving systematic presence/absence PCR screening with S-allele specific primers, followed by gel electrophoresis (Broothaerts 2003; Sonneveld et al. 2003; Bechsgaard et al. 2004 ). Such approaches have allowed some limited surveys in natural populations in order to test for the effect of negativefrequency dependent selection on allele frequency changes across generations (Stoeckel et al. 2011), to estimate population genetic structure at the S-locus ), or to test for the effect of S-allele dominance on allelic frequency in sporophytic SI systems (Llaurens et al. 2008) . Taking advantage of next-generation sequencing (NGS) technologies in the study of SI systems has been rather difficult because (1) amplicon-based approaches were of limited use because of the lack of universal primers, and because the size of the amplicons is constrained by the distances between conserved regions where primers are designed within the S-locus genes, which were usually larger than individual reads obtained by the dominant technologies (i.e. amplicon sizes ranging 714-1,048 bp for Arabidopsis lyrata, Charlesworth 2000; 318-2,500 bp for Malus domestica, Dreesen et al. 2010; 230-458 bp for Prunus avium, Sonneveld et al. 2006; and around 1,300 bp in Brassica rapa, Nishio et al. 1996) , and (2) shotgun approaches were of limited use because alignment on a single reference sequence was hampered by high sequence divergence. Finally, the high content of repeat sequences of the S-locus region in most species where it was investigated causes important challenges for approaches relying on de novo assembly of this particular genomic region (Vekemans et al. 2014) .
Despite these difficulties, Jørgensen et al. 2012 proposed a method to genotype large individual samples of Arabidopsis lyrata using a barcoded amplicon-based method with 454 sequencing. Their method bypasses the lack of generality of the primers by using separately four pairs of general primers for each individual, followed by pooling of all PCR products, and bypasses the limit of amplicon size by sequencing only one side of the amplicons. The method has been used successfully by Mable et al. (2017 Mable et al. ( , 2018 to genotype the S-locus in diploid as well as tetraploid populations of the species A. lyrata and A. arenosa. However the approach is sensible to PCR amplification biases, and the resulting coverage can be too low for some alleles to resolve reliably the sequencing errors. As an alternative approach, Tsuchimatsu et al. (2017) investigated S-locus diversity species-wide in A. thaliana, using individual shotgun sequencing data from 1,083 genomes, and separate mapping of short reads to each of the three available S-locus reference sequences. This approach successfully identified a diversity of recombinant S-haplotypes (Tsuchimatsu et al. 2017 ), but it is unclear whether its success was contingent on the low allelic diversity (only three divergent S-alleles) in the selfing A. thaliana and how it can be extended to species with functional SI, i.e. characterized by a large number of highly divergent S-locus allelic lines. A similar approach has been used to identify the Slocus genotype of individuals from Malus domestica, based on individual shotgun sequencing data and a database of 35 previously sequenced S-RNase alleles (De Franceschi et al. 2018 ). The approach was successful but involves manual fine-tuning and requires the availability of an exhaustive database of reference sequences, which in many species will not be available.
Here, we present a novel methodological framework building upon the approach of Tsuchimatsu et al. (2017) , using data from individual shotgun sequencing in order to genotype individuals at the Slocus based on the availability of a large database of known S-allele reference sequences. The method uses two complementary approaches (see Materials and Methods for detailed information): (1) a mapping approach which attempts to map sequence reads successively on each of the reference sequences and reports a set of custom statistics to identify the best hits based on quantitative thresholds (Fig. 1A) ; and (2) a de novo assembly approach for the discovery of novel S-allele sequences and phylogenetic reconstruction to place the obtained assembled contigs within the phylogeny of S-allele reference sequences ( Fig. 1B) . We produced optimized pipelines to perform both analyses based on a dataset of FASTQ read sequences and a set of reference sequences. We applied the method to a published dataset consisting of 56 A. halleri subsp. gemmifera individuals for which Kubota et al. (2015) obtained genomic Illumina resequencing reads. We show that the method allows exhaustive genotyping of heterozygous as well as homozygous individuals, providing the first accurate evaluation of the frequency distribution of S-alleles in a natural population of selfincompatible Brassicaceae. Although the method has been designed and tested for studying S-allele diversity in Brassicaceae, it can be applied to any type of highly polymorphic locus, given a sample of reference allelic sequences is available.
Material and Methods :

Database structure, curation and transformation into a k-mer library
The first step of our approach was to construct a database of publicly available nucleotide sequence variants of the gene of interest. In the present case, we started from divergent SRK alleles in A. halleri based on published studies Castric et al. 2008; Goubet et al. 2012) . To compare mapping properties in a controlled manner and establish thresholds for genotyping, we also retrieved single-copy low diversity paralogous sequences (Aly3, Aly7, Aly8, Aly9, Aly10, Aly14, AlLal2) from the draft A. halleri subspecies gemmifera genome (Briskine et al. 2017 ). All reference sequences in the database were trimmed to include only the extracellular domain using AhSRK03 (KJ772380.1) as a reference. We then developed a dedicated algorithm (kmerRefFilter) to produce an exhaustive library of k-mers present in the set of reference sequences (size 20-mers), from which duplicates and low-complexity k-mers (using a Shannon Entropy threshold of 0.8) were removed.
Short reads preparation and filtering
We then retrieved raw FASTQ Illumina sequence data published by Kubota et al. (2015) on 56 A. halleri subsp. gemmifera individuals from natural populations in Japan and checked their quality with FastQC (v0.11.4). To reduce the dataset and decrease computation time, we filtered these raw reads using the k-mer library obtained above. Paired reads were kept only if at least one k-mer matches exactly on either the forward or the reverse read sequence. This results in a drastic reduction of the number of reads (0.03% on average), allowing very efficient processing of downstream steps.
Short reads alignment and procedure for genotype calling
The pipeline then proceeds with unpaired alignment with end-to-end sensitive mode of the reduced set of paired reads onto each sequence of the reference database using Bowtie2 (v2.2.6) (Langmead and Salzberg 2012) . The resulting alignment files (in bam format) were analyzed using samtools (v1.4) (Li et al. 2009 ) to extract alignment metrics, specifically the error rate (number of mismatches divided by the number of mapped bases) reflecting the mean identity between the aligned reads and the reference sequence, and the coverage defined as the percentage of positions of the reference sequence covered by at least one read. Based on these two statistics, we aimed at identifying discriminatory criteria to distinguish positive from negative calls. To achieve this, we observed the distributions of these statistics on the paralogous sequences, that by definition will be present in two copies in diploid individuals. We fitted simple probability density functions on these empirical distributions and integrated them to obtain cumulative distribution functions. For each individual, we then computed a genotyping score against each S-allele sequence in the reference database as the product of the probability of a positive call obtained from the distribution function of the error rate times the square root probability obtained from the distribution function of the coverage. We determined the threshold for positive calls based on the empirical distribution of genotyping scores from the paralogous sequences. S-locus genotype calls can either be automated based on this threshold, or determined visually by examination of detailed mapping patterns across the reference database.
Because individuals in which a single S-allele was called can correspond to either true homozygotes or to incomplete heterozygous genotypes, we then set to determine whether S-locus homozygous calls can be distinguished from heterozygous calls. We reasoned that the depth of mapped reads for homozygous genotypes is expected to be twice that of heterozygous genotypes, and comparable in magnitude to that observed for paralogous sequences. Thus, we compared read depth, normalized for each individual by the median read depth obtained from its paralogous sequences (computed as the median of the number of reads aligned per position of the reference sequence), between individuals for which a single S-allele had been called (putative homozygotes, for which normalized read depth is expected to be close to 1), and individuals for which two distinct S-alleles had been called (putative heterozygotes, for which normalized read depth is expected to be close to 0.5).
Allele discovery by de novo assembly
The genotyping procedure outlined above is based on alignment to a database of reference S-allele sequences. By definition, it is thus limited by how complete the database was to begin with. To overcome this limitation, we sought to develop a procedure to discover new S-alleles. We reasoned that de novo assembly of the filtered set of paired reads should potentially identify unknown S-alleles.
To explore this possibility, we used the dipSPAdes assembler v3.10.1 (Safonova et al. 2015) using the following parameters (-k 21,41,81 and -careful) to obtain a set of assembled contigs. Then the cap3 sequence assembly program v10/15/07 (Huang and Madan 1999) was used with default parameters to generate consensus sequences from overlaps between forward or reverse contigs. These consensus contigs were aligned against sequences of the SRK database using the local DNA alignment tool YASS v1.14 (Noé and Kucherov 2005) that allows alignment even in cases of distant similarity, as appropriate given the important divergence among SRK alleles. We retained all contigs aligned over at least 10% of a reference and not aligning against any paralog. Query and subject alignment positions were used for contigs orientation.
As an internal validation of the assembled contigs, we examined how the paired reads mapped on them using Bowtie2 v2.2.6 (paired alignment with end-to-end sensitive mode) (Langmead and Salzberg 2012) . Samtools v1.4 (Li et al. 2009 ) was used to extract several metrics, including coverage, mean read depth and depth across successive intervals (for detection of chimerism when depth levels vary sharply along the contig), insert average size, error rate (to detect cases where different S-alleles were assembled into a single hybrid contig), pairs with other orientation (used to evaluate contigs mis-assembly such as inversions), pairs on different contigs (to evaluate redundancy by detecting if paired reads align to multiple contigs). These metrics can be used to curate the set of contigs visually and evaluate assembly quality.
Finally, to compare the set of de novo contigs to SRK sequences in the starting reference database, we constructed a phylogenetic tree. Because of the procedure used for the initial filtering step of paired reads, the obtained contigs can be larger than the SRK sequences in the starting reference database and extend into the divergent 5'UTR and first intron. Hence, 5' and 3' ends were trimmed based on the largest pairwise YASS alignment. MUSCLE v3.8.31 (Edgar 2004a; Edgar 2004b ) was used for multiple alignment and PHYML (Guindon et al. 2010) was used for building a neighborjoining phylogenetic tree. The program outputs one tree per individual sample, as well as one global tree where all contigs in a collection can be compared to all others and to the SRK sequences in the database. Once validated, the newly discovered SRK alleles can then be integrated in the database used for genotyping, in an iterative procedure.
Results and Discussion
A powerful genotyping procedure
We started from the heterogeneous database of all SRK sequences of A. halleri obtained from several published studies and deposited in NCBI. Collectively, this database contains 34 SRK allelic lines (Table S1 ), but at this step it is unknown how much of the overall diversity present in the species this represents. Because they were obtained by different molecular methods, some of these sequences cover the complete extracellular domain (n=16, average length of the complete extracellular domain = 1300 bp), but the majority of them (n=18) are partial sequences (average length = 570 bp). We mapped the raw filtered Illumina reads of the 56 A. halleri individuals of Kubota et al. (2015) onto the paralogs of the reference database and observed a good fit of the empirical distribution of error rates with a normal distribution and of the distribution of coverage with an exponential distribution ( Fig. S1, Fig. S2A ). We then mapped the filtered reads onto the S-alleles reference sequences and examined the mapping patterns (Fig. S2B) . A genotyping score of 10 -5 provided good discrimination power among S-alleles ( Fig. S2B) , as no individual had scores above this threshold for more than two of the reference sequences in the database, as expected for diploid genotypes (Fig. 2) . Strikingly, even when the mean sequencing depth was as low as e.g. X=5, our approach allowed proper discrimination ( Fig. S3) . Overall, at this stage we obtained 28 full S-locus genotypes (12 homozygotes and 16 heterozygotes), 24 potentially incomplete genotypes (a single allele identified, corresponding either to homozygous individuals or heterozygous individuals in which just a single allele could be determined), while no allele could be identified for the four remaining individuals (but see below).
Among the 34 SRK alleles present in the reference database, ten alleles were found within the analyzed dataset (AhSRK01, AhSRK02, AhSRK04, AhSRK12, AhSRK18, AhSRK19, AhSRK21, AhSRK26, AhSRK28, AhSRK-B). The large number of incomplete or missing genotypes strongly suggests that several S-alleles were absent from our reference dataset. This may partly be due to the strong divergence of the A. halleri subsp. gemmifera populations from the European A. halleri populations (Šrámková-Fuxová et al. 2017) , as the latter were mostly used in previous screens of Sallele diversity . Hence, we used a de novo assembly procedure to attempt identifying these unknown alleles.
De novo assembly
The de novo assembly procedure allowed us to obtain full-length sequences of the S-domain for several SRK alleles that were previously only partially sequenced . For instance, the reference sequence of AhSRK02 in GENBANK (EU075125.1) was only 550 bp long, but we obtained 4 assembled contigs with high similarity to AhSRK02, two of which appear to cover the full-length S-domain, i.e. 1294 bp. (Fig. 3A) . The accuracy of the assembly is demonstrated by the strict identity of the two full-length sequences obtained (DRS032559 and DRS032547 in Fig.   3A ). Overall, among the ten identified SRK alleles, four were present in the database as partial sequences (AhSRK02, AhSRK18, AhSRK19, AhSRK26) and we were able to obtain full-length sequences of the S-domain for all of them. Strikingly, the procedure also allowed us to recover sequences from alleles that were initially absent from the database, as illustrated in Fig. 3B . For instance, we obtained sequences of the same new allele (that we named temporarily AhNEW1) from three different individuals, which is close to but distinct from the previously known AhSRK22 allele ( Fig. S4) . By comparing those sequences with SRK sequences from the closely related species A. lyrata, we found that AhNEW1 is very similar to AlSRK09, which confirms that AhNEW1 and AhSRK22 are indeed distinct functional alleles, as trans-specific polymorphisms are very common at the S-locus ( Fig. S4 ; Castric et al. 2008) . Overall, the de novo approach identified nine new SRK alleles (Table S2 ): (1) five new alleles in A. halleri for which we found a trans-specific allele in A. lyrata (AhNEW1 -AlSRK09; AhNEW4 -AlSRK50; AhNEW5 -AlSRK23; AhNEW8 -AlSRK29; AhNEW15 -AlSRK10); and (2) four new alleles that are also unknown in A. lyrata (AhNEW2, AhNEW3, AhNEW7, AhNEW14) and putatively represent novel allelic lineages. The fact that at least two independent copies were observed for each de novo assembled allele (with the exception of AhNEW2, which was observed only once) provides high confidence in these reconstructed nucleotide sequences.
A complete allele frequency distribution.
Using the extended database of reference sequences that was completed by including the nine additional SRK alleles identified by the de novo assembly procedure, we compared normalized depth coverage relative to paralogs for all positive calls. We found that relative read depth for individuals with a single S-allele called was similar to that of paralogs (relative read depth close to 1, consistent with these individuals being true homozygotes), and about twice that for individuals with two Salleles called, consistent with the latter being true heterozygotes (Fig. 2, Fig. S5, Fig. S6 ). Hence our approach provides a powerful way to distinguish homozygous from heterozygous individuals, and we now succeeded in obtaining full diploid SRK genotypes for all 56 individuals of A. halleri subsp. gemmifera (Fig. 4) . The total number of SRK alleles observed among the 56 individuals is then 19, with 13 S-locus homozygotes (23%) and 43 heterozygotes. As expected from theory (Schierup et al. 1997; Billiard et al. 2007) , homozygous genotypes were formed by alleles belonging to the most recessive classes (I and II), including the new AhNEW8 allele (Fig. 4) . Overall, the total number of SRK alleles now described in A. halleri amounts to 43. In an earlier survey of SRK allelic diversity based on PCR screening of a large sample (N=405) from Icelandic A. lyrata populations, found comparable estimates with 18 SRK alleles overall and 19.9% of homozygous individuals. As expected for sporophytic SI with dominance relationships among S-locus alleles, the allelic frequency distribution is highly skewed (Fig. S7) , with the most recessive allele AhSRK01 accounting for 28.6% of allele copies, and the three alleles from the second most recessive class (AhSRK19, AhSRK28 and AhNEW8), accounting respectively for 10.7%, 10.7% and 7.1% of allele copies (Schierup et al. 1997; Billiard et al. 2007) .
Conclusion
We developed a powerful approach to genotype individuals at highly polymorphic loci from raw reads of shotgun individual sequence based on a sample of previously determined reference sequences. With this approach, we obtain complete sequences for new allelic lineages identified from the sampled individuals. We successfully applied this new method to the highly polymorphic SI locus of Brassicaceae and this allowed us to identify nine new S-alleles and to obtain full S-domain sequences for these new alleles as well as for four previously known alleles with partial sequences.
Our approach provides an appropriate methodological framework to determine how much of the outstanding diversity of the self-incompatibility genes in outcrossing Arabidopsis remains to be discovered. This approach is readily applicable to other multiallelic genetic loci such as immunerelated genes in plants or animals as an alternative to amplicon-based methods (Galan et al. 2010; Promerová et al. 2012; Grogan et al. 2016) Ahg_ Aly10 Ahg_ Aly8
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